Introduction
Halogenated phenols, such as chlorinated phenols (CPs) used for a wide range of agricultural and industrial purposes and known to be typical contaminants in the environment, are of health concerns for their presence in drinking water and river water. [1] [2] [3] [4] Owing to their toxicity and carcinogenicity, three chlorophenols, 2,4,6-trichlorophenol (2,4,6-TCP), 2,4-dichlorophenol (2,4-DCP) and 2,3,4,6-tetrachlorophenol (2,3,4,6-TeCP) are listed as the top 11 priority pollutants in water by the United States Environmental Protection Agency (EPA). [5] [6] [7] Tetrabromobisphenol A (TBBPA) is a brominated phenol added to plastics, textiles, electronic circuitry and other materials as flame retardants. 8, 9 It has been recently found in sediments, indoor air and human serum samples. [10] [11] [12] Though the knowledge on toxicity of TBBPA is limited, some research results have shown that TBBPA has a potential in disrupting the transportation of thyroid hormone. 13, 14 Therefore, the measurement of these halogenated phenols in water samples, especially in drinking water in trace level (<μg L -1 ), would be very important in the assessment of the human exposure to those compounds.
In past decades, many chromatography based methods including gas chromatography (GC), 3, 15, 16 high performance liquid chromatography (HPLC) [17] [18] [19] [20] [21] [22] and capillary electrophotesis (CE) 23, 24 coupling with mass spectrometry (MS), a high sensitive detector providing both quantitative and structure information, have been developed for the determination of these halogenated phenols in various samples. Among, gas chromatography-mass spectrometry (GC/MS) is the most common method due to its high sensitivity and high resolution. 3, 4 However, the derivatization process required in GC/MS methods is tedious and time-consuming. Compared with GC/MS, high performance liquid chromatography-mass spectrometry (HPLC/MS) can provide both high sensitivity, for example, 0.1 -0.4 μg L -1 in urine samples, 18 and good resolution without needs of a derivatization. 19 CE is another powerful separation technique for both charged and neutral analytes. It has advantages of high resolution and low solvent consumption compared to HPLC. 25 However, the small sample injection volume in CE (usually at nanoliter range) has limited its applications. To overcome this problem, several sample concentration methods, including sample stacking, 26, 27 sweeping, 28,29 utilization of solid-phase packing at the head of the CE column, 30, 31 and the transient trapping technique 32 have been reported. Pressure-assisted electrokinetic injection (PAEKI), [33] [34] [35] an on-line enhancement technique providing a powerful enhancement capability without compromising the separation efficiency, has recently been developed. Instead of spatial limitation of capillary length used in sweeping and stacking technique, PAEKI uses the time dimension in the enrichment of analytes and can provide a comparable sensitivity to HPLC. Since the first report of this technique for single nucleotides, 33 it has been successfully applied to the measurement of many kinds of analytes including oligonucleotides and monophthalates in various samples. [33] [34] [35] The aim of this study is to expand this technique to the measurement of halogenated phenols in river water and drinking water samples by a PAEKI/MS/MS system. A rapid and sensitive method using pressure-assisted electrokinetic injection (PAEKI) as the on-line sample enrichment technique and electrospray-tandem mass spectrometry as the monitor has been developed for the determination of four halogenated phenols, 2,4,6-trichlorophenol, 2,4-dichlorophenol, 2,3,4,6-tetrachlorophenol and tetrabromobisphenol A, in water samples. In 8-min of injection, the four halogenated phenols in water samples were enriched up to several thousand times. With the aid of a solid-phase extraction clean-up procedure, the method achieved a detection limit in the range of 7.4 to 37.1 ng L -1 for the four phenols by multiple reaction monitoring in a negative mode. The overall recoveries for all four halogenated phenols in water samples were in the range of 68 to 114%. The good method repeatability has been demonstrated by the relative standard deviations (RSDs) of less than 10% for water samples spiked with standard mixtures. The four target phenols in all the water samples were below the detection limits. 
On-line Enrichment and Measurement of Four

Preparation of standard solutions
Stock solutions of 2 mg mL -1 of 2,4-DCP, 2,4,6-TCP, 2,3,4,6-TeCP, 2,4,6-TCP-3,5-d2 and TBBPA were prepared by dissolving 20 mg of corresponding chemicals in 10 mL of methanol, respectively.
A stock solution of ammonium carbonate buffer (200 mmol L -1 ) was prepared by weighing 1.581 g of ammonium carbonate, dissolving it in 100 mL of DI water, and adjusting the pH to 9.2 with 20% ammonium water solution. The acidic DI water (pH 3) was freshly prepared by acidifying DI water till pH 3 with formic acid before use. All stock solutions were stored at 4 C. The working buffer solution and standard solutions were prepared by diluting the above stock solutions with DI water. The working buffer solution was filtered through 0.2 μm syringe filters (Fisher Scientific, Ottawa, Canada) before use.
Water sample collection
Surface river water samples of the Ottawa River and the Rideau River in the region of Ottawa City were sampled from the site around one foot away from the river banks at various locations. 36 The sampling depth was around 10 cm from the surface. The tap water samples were collected from local buildings using Ottawa River as the source following the EPA method. 37 The bottle water samples were from those commercial bottle spring water available in the Ottawa market (Athelstan, comté Hichinbrooke, QC). Water was filled fully in 40-mL pre-clean amber glass bottles and stored at 4 C before use. All samples were collected in duplicate. For each sampling site, a 40-mL sampling vial was filled fully with DI water as the field bank.
Sample clean-up
Before the clean-up, water samples were naturally warmed to room temperature on the lab bench followed by vortexing them thoroughly for 2 min at 2500 rpm. Then 10 mL of each water sample was pipetted into a 20-mL vial and the pH was adjusted to 3.0 with 50% formic acid solution. The acidified water samples were loaded on a C18 SPE cartridge (500 mg × 3 mL, Supelco, USA) that was pre-conditioned with 4 mL of acetonitrile and 4 mL of the acidic DI water (pH 3), respectively, at a flow rate of about 1 mL min -1 by water suction. Then, 6 mL of the acidic DI water (pH 3), followed by 2 mL of DI water were used to wash the cartridge. After the cartridge dried by a negative 67537 Pa (9.82 psi) of vacuum of water suction for removing water from the sorbent, the analytes on the cartridge was eluted into a 3-mL scaled centrifuge tube by 3 mL of dichloromethane. By adding 0.1 mL of acetonitrile, the eluate was concentrated with a gentle nitrogen stream (UHP grade) to around 0.1 mL.
At last, 10 μL of 2,4,6-trichlorophenol-3,5-d2 (200 ng mL -1 ) was spiked to the residual and the final volume was reconstituted to 2 mL with DI water until the scaled line for the analysis of PAEKI/MS/MS.
PAEKI/MS/MS analysis
An Agilent 3D-CE instrument (Agilent, Canada) was linked to a 4000 QTRAP mass spectrometer (Applied Biosystems, Canada). The Agilent CE instrument controlled by the ChemStation software was used for injecting of the samples with PAEKI. The 4000 QTRAP controlled by the Analyst software was used to monitor the target analytes in the negative-ion mode. Gases at flow rates 10, 4 L min -1 of nitrogen, and 10 L min -1 of zero air were used for the curtain gas (CUR), the collision gas (CAD), and the ion source gas, respectively. The values of -5000, -10 and -5 V were chosen, respectively, for the ionspray voltage (IS), the entrance potential, and the collision exit potential. Other MS parameters are outlined in Table 1 . A solution of isopropanol/methanol = 2 (v/v) containing 10% of DI water was used as the sheath liquid at a flow rate of 3 μL min -1 . A new capillary (120 cm) was conditioned by flushing with 1 mol L -1 of sodium hydroxide solution for 10 min followed by DI water for 10 min and then working buffer solution for another 10 min. The capillary temperature was at room temperature. All samples were injected by applying 9 kV of negative voltage and 50 mbar of positive external pressure on the sample vial at the same time for 8 min. The injected sample was flushed out with 950 mbar of positive external pressure for monitoring of mass spectrometry.
Quantification and quality assurance/quality control (QA/QC)
The calibration curve was daily derived from the equation of Cs/Ci = k*(As/Ai), where Cs and Ci the concentrations of standard and internal standard, respectively, As and Ai the corresponding peak areas of standard and internal standard, k the relative response factor generated by regression. 2,4,6-TCP-3,5-d2 was the internal standard. For the analysis of target analytes in samples, the concentration of the target analyte (Ctarget) was calculated from the relationship of (Ctarget/Ci-sample) = k*(Atarget/Ai-sample). The concentration of the internal standard in eluate was the same as in the calibration solutions.
All calibration standards and spiking solutions were prepared by serial dilution in DI water using volumetric flasks. All laboratory glassware used in the preparation of water samples was thoroughly cleaned. Daily multilevel mixed calibration standard solutions were prepared by serially diluting the highest level of calibration solution containing 74, 160, 380, and 160 μg L -1 of 2,4-DCP, 2,4,6-TCP, 2,3,4,6-TeCP and TBBPA by 4, 8, 20, 50, 100, 200 and 1000 times, respectively. The concentration of the internal standard, 2,4,6-TCP-3,5-d2, in each multilevel solution was of 1.0 μg L -1 . Each analytical batch contained a lab blank and lab control samples. The former was spiked with only the internal standard in a 10 mL of DI water while the later with both internal standards and target analytes. Besides, a mid-point level calibration solution was re-run at the end of the batch samples to check the instrument stability. The method accuracy was estimated by the recoveries of the laboratory control samples and spiked water samples. The method detection limit of quantification was defined as three-times the observed signal to noise ratio of 10 mL of water samples spiked with the lowest concentration of standards.
Results and Discussion
Multiple reaction monitoring (MRM) parameters
Compared with single quadrupole MS, the multiple reaction monitoring (MRM) of tandem mass spectrometry (MS/MS) can provide both high selectivity and sensitivity. With the nature of electrokinetic injection, analytes in sample solution are selectively injected into the capillary with PAEKI. Therefore, it is not strongly recommended to use CE separation for more selectivity in the CE/MS/MS system. Though the experiment actually showed that the four halogenated phenols were able to be well separated under an applied voltage of 20 kV around 40 min (Fig. 1) , to shorten the analysis time, the injected sample in the CE column was flushed out with the running buffer within -ions were chosen as the precursor ions. For the mass spectrometer used in this study, the declustering potential (DP) with the Turbo ion spray source is usually needed to be set high enough to reduce the chemical noise, but low enough to avoid fragmentation. In the collision cell, the fragmentation energy of a compound is a function of its structure and molecular weight. Generally, lower molecular weight compounds require less energy. As shown in Table 1 , both a high declustering potential and collision induced dissociation (CID) energy were required to fragment TBBPA, indicating that the fragmentation of TBBPA would be more difficult than chlorinated phenols. In all cases, the product ions of the precursors of chlorinated phenols, 2,4-DCP, 2,4,6-TCP, and 2,3,4,6-TeCP, were dominated by loss of m/z 36, a molecular of hydrochloride. This pathway has actually been confirmed by the loss of m/z 37 from the precursor of the internal standard 2,4,6-TCP-3,5-d2. The loss of m/z 37 indicated deuterium atom in the hydrochloride came from the benzene ring because the two deuterium atoms are supposed to be on the benzene ring. On the other hand, TBBPA has the domain product ion of m/z 81, corresponding to an isotopic Br -anion, which is in agreement with the reports. 38 This suggests that the phenol-based product ion in chlorinated phenols by losing chlorine atom is more stable than that in brominated phenols. Alternatively, it could be explained that the C-Br bond is weaker than the C-Cl bond, and is easily broken into a stable isotopic Br -anion. It was also reported that the sensitivity of MS/MS using 543→81 for the determination of TBBPA was about 10-times more sensitive than using 543→528, the loss of methyl group. 38 
PAEKI of halogenated phenols
Electrokinetic injection can only inject ionized analytes. Therefore, ionization efficiency of the target analytes in samples is the key to the enhancement power of PAEKI. The four phenols, 2,4-DCP, 2,4,6-TCP, 2,3,4,6-TeCP and TBBPA, are with pKa of 8.1, 6.21, 5.62, and 7.5 -8.5, respectively, which are close to 7 and therefore secure them to be majorly ionized in water samples. The experimental results demonstrated that there were no difference between the salted phenols and free phenols for the PAEKI efficiency.
As described previously, the PAEKI is based on the balance of electroosmotic flow (EOF) to an external pressure. However, the EOF is determined by both the applied voltage on the capillary and the buffer concentration filled in the capillary. The experiments showed that the instrumental maximum pressure of 50 mbar needed to be balanced by the EOF generated with 9 kV of negative voltage applied on the capillary. With an increase of the buffer concentration, the applied voltage for balancing the pressure of 50 mbar also increased (Fig. 2, inset) . By results, the PAEKI enhancement factors of all four phenols were linearly increased with the increase of buffer concentration (Fig. 2) . Interestingly, the applied voltage for balancing the pressure increased with the increase of buffer concentration and reached a plateau at 60 mmol L -1 (Fig. 2, inset) . Although the reason of forming a plateau is not clear yet, to achieve a higher enrichment of PAEKI, 80 mmol L -1 of buffer concentration was selected. It was previously reported that PAEKI in theory, could provide unlimited enrichment power due to the unlimited injection time as long as the balance is sustained. 33 In this study, however, the injected amounts of all four phenols were found to have a good linearity with PAEKI time up to 8 min. Beyond that point, the increase of injected amounts was not linearly with the injection time. It is of a possible explanation that the Joule heating induced by the high buffer concentration, 80 mM would disturb the stability of the balance, and thereby restrict the PAEKI time. The enhancement factors of the four phenols, defined as the value of (APAEKI*CHI)/(AHI*CPAEKI) in this study, were 2600, 3000, 3600 and 6000 for 2,4-DCP, 2,4,6-TCP, 2,3,4,6-TeCP and TBBPA, respectively, where APAEKI is the peak area of PAEKI injected sample, AHI the peak area of hydrodynamic injected sample under 50 mbar of external pressure for 5 s, CHI the analyte concentration in hydrodynamic injection, and CPAEKI the analyte concentration in PAEKI. These enhancement factors were found to be reconcilable to their mobility expressed as migration times of the four phenols, indicating analytes with higher mobility will have better enhancement factor.
Method validation
As described in the section of quantification and QA/QC, a serial of calibration mixture solutions were injected to the capillary by PAEKI to validate the performance of both the injection and instrument system. The peak-area ratios of standards to the deuterium labelled internal standard were plotted to their concentration ratios to achieve four linear lines by y = 1.4903x with R 2 = 0.9993, y = 0.3331x with R 2 = 0.9995, y = 0.1587x with R 2 = 0.9984 and y = 0.7923x with R 2 = 0.9992 for 2,4-DCP, 2,4,6-TCP, 2,3,4,6-TeCP and TBBPA, respectively. All calibration lines were found passing through the zero point, indicating the suitable correction factor of the internal standard. The dynamic calibration ranges in the method were all over three orders of magnitude, except for the one of TBBPA that has only two orders of magnitude. The short range of dynamic calibration could be attributed to the poor solubility of TBBPA in water (4.16 μg mL -1 in water, 25 C). The limit of detection for the PAEKI/MS/MS system in this study is defined as three times the signal to noise ratio with the lowest calibration standard solution and the system achieved these limits of 14.2, 41.4, 75.8 and 6.7 ng L -1 for 2,4-DCP, 2,4,6-TCP, 2,3,4,6-TeCP and TBBPA, respectively. In contrast, the method detection limit (MDL), defined as three times the signal to noise ratio of four phenols with the lowest concentration spiked in real water samples, were 7.4, 24.3, 37,1 and 8.1 ng L -1 for 2,4-DCP, 2,4,6-TCP, 2,3,4,6-TeCP and TBBPA, respectively. Though the two detection limits shows their values very close, the method sensitivity lost about 5 times or less due to 10 mL of water sample being used before the sample treatment with SPE and the final volume being reconstituted to 2 mL, the sample was concentrated 5 times by volume. This could indicate that the matrices of water samples were not cleaned efficiently as expected thereby influenced on the PAEKI injection efficiency. The repeatability of the proposed method was determined by the intra-day and inter-day precision, which was evaluated by calculating the relative standard deviation (RSD) based on the peak area ratios of analyte to internal standard. As outlined in Table 2 , the RSD values of intra-day and inter-day were all less than 10% for all analytes at two concentration levels.
Analysis of water samples
On each sampling site and each water source, two 40-mL vials were fully filled of the same water sample. The characters of samples were outlined in Table 3 . Compared with the river water samples, the tap water and bottle samples in this study were supposed to have a simple matrix, both organic and inorganic components. Table 3 also shows a very high conductivity in all water samples (150 times higher than DI water with 1 μS/cm of conductivity). However, PAEKI needs a lower conductivity in the sample solution than that in buffer to achieve the field amplification. Without a clean-up procedure, the experiment showed that the four phenols in tap water could not be effectively injected by PAEKI (Fig. 3A) , demonstrating the matrix influences on PAEKI and the necessity of the clean-up of sample. With clean-up of C18 SPE cartridge described in the experimental Sample clean-up section, the matrix of water samples was able to be dramatically removed. Figures 3B and 3C clearly show that after the clean-up procedure the same amount of 2,4,6-TCP spiked in DI water and tap water was able to be effectively injected to capillary by PAEKI comparing to that without clean-up in Fig. 3A . The experiment showed that the matrices in river samples behaved a similar influence on the PAEKI injection as that of tap water and were able to be cleaned up, too.
It was found that small quantity of ACN (<5%) did not influence the enhancement factor of PAEKI for the four phenols.
To effectively remove dichloromethane (DCM) used as the eluent of the phenols from the SPE clean-up cartridge, 5% of ACN was used to enhance the volatility of DCM in evaporation of the collected eluate. To further avoid potential loss of target phenols, the eluate was not evaporated to dryness. Compared to liquid-liquid extraction, SPE has the advantages of high efficiency, less solvent consumption and easy separation from the solvent. The recovery of the four phenols was evaluated by spiking mixture of the four phenols in water samples at three levels: zero, 1.5/3.0 ng and 15/30 ng per sample. Table 3 shows the recovery in an acceptable range of 68 -114% of the four phenols in all kinds of water samples. Although the method is sensitive enough to measure as low as 7.4 ng L -1 of phenolic compounds, none of the four phenols was detected in any of the water samples, indicating neither drinking water (tap and bottle water) nor river water had the four halogenated phenols above the stated detection limits. The results also demonstrated that the proposed method based on PAEKI/MS/MS is a good alternative method of HPLC/MS/MS.
Conclusion
A method using pressure-assisted electrokinetic injection (PAEKI) technique hyphenated to electrospray tandem mass spectrometry (ESI/MS/MS) has been developed for the determination of four halogenated phenols in water samples. The matrix influence of ionized organic and inorganic components can be removed by a solid phase extraction procedure developed in this study.
Compared to the gas-chromatography methods, the derivatization procedure is not needed in this method. It has been demonstrated that the PAEKI/CE a comparable technique to HPLC and a useful alternative approach in future monitoring of these phenols in tap water and river water. 
